Amphidiploid induction by chromosome-doubling is the most efficient method of utilizing a sterile interspecific hybrid for breeding. Previously, although we successfully obtained an interspecific hybrid between carnation (Dianthus caryophyllus L.) and Dianthus japonicus Thunb., the hybrid was sterile. In the present study, therefore, attempts were mode to induce amphidiploids to restore the fertility by artificial chromosomedoubling, i.e., by applying drops of a colchicine solution on to the shoot tips of greenhouse-grown plants or by treating nodal segments excised from in vitro-grown plants by incubation in a colchicine or amiprophosmethyl (APM) solution. Among 156 hybrid plants regenerated after these treatments, nine were revealed to be tetraploids, in addition to one octoploid and 88 mixoploids. Colchicine dropping treatment at a concentration of 2,000 mg⋅l −1 for one day led to the highest rate (14%) of tetraploid formation, whereas 10% tetraploid formation was obtained by in vitro shaking culture with 5 and 10 mg⋅l −1 APM for 24 hrs. The amphidiploids exhibited a larger flower size and later flowering time than the original diploid hybrid, and the fertility of both pollen and seed was restored. These amphidiploids are expected to be used for the breeding of carnation cultivars, which are suitable for growing under the Japanese climatic conditions.
Introduction
Carnation (Dianthus caryophyllus L.) is one of the main floricultural crops and it is cultivated all year round in the temperate regions, especially in the cool highlands of Colombia, Kenya and China, which are now ranked as the main production areas in the world. Since the carnation cultivars are highly heterozygous due to inbreeding depression (Sato et al. 2000) , most of the commercially important cultivars are clones of selected individuals that have been propagated vegetatively. Hence, neither pure-bred varieties nor F 1 hybrids have been produced. Since the tolerance of carnation to the hot and humid climatic conditions in the Japanese summer is low, the quality of cut flowers tends to decrease under these conditions. To address these problems and to achieve a more stable production of carnation in Japan, it is important to breed cultivars with heat tolerance.
There have been several reports on interspecific hybridization in the genus Dianthus, such as crosses of carnation with D. deltoides L., D. japonicus Thunb., D. knappii Asch. et Kanitz ex Borb. and D. superbus L. (Kanda 1992) , crosses among 22 related species of Dianthus (Ohtsuka et al. 1995) , development of hybrids between carnation and D. capitatus Balb. ex DC. (Onozaki et al. 1998) , and somatic hybridization through protoplast fusion between D. chinensis L. and D. barbatus L. (Nakano and Mii 1993a) and between carnation and D. chinensis (Nakano and Mii 1993b) . However, attempts to introduce the superior traits of other Dianthus species into carnation have been limited.
D. japonicus, a native perennial species to Japan, is characterized by seed propagation, a fasciculate cyme with many small flowers, an upright robust stem, broad and thick evergreen foliage with a developed cuticle, and high heat tolerance (Ito et al. 1994) . In addition, it does not suffer from carnation bacterial wilt (Kagito and Tsuchiya 1968) . Since D. japonicus exhibits these desirable characters, it has been considered to be a useful breeding material for carnation. Although some seedlings were produced in the cross between carnation and D. japonicus using ovule culture (Kanda 1992) , no detailed characterization of the seedlings was conducted in that study. In a previous study, we also succeeded in producing interspecific hybrids between carnation and D. japonicus, with evidence of hybridity based on flow cytometric and RAPD analyses. However, all the hybrids were sterile (Nimura et al. 2003) . Therefore, it is necessary to restore the fertility of the hybrids by chromosome-doubling for further use to produce carnation cultivars with the desirable traits of D. japonicus.
Following the discovery by Blakeslee and Avery in 1937, colchicine has been successfully used to induce polyploids in various plant species such as barley (Gilbert and Patterson 1965) ; azalea (Pryor and Frazier 1968) ; Phalaenopsis (Griesbach 1981) ; Iris (Yabuya 1985) ; cotton (Luckett 1989) ; cranberry (Dermen and Henry 1994) ; cyclamen (Ishizaka and Uematsu 1994, Takamura and Miyajima 1996) and Brachiaria brizantha (Pinheiro et al. 2000) . In carnation, tetraploids were artificially induced by the application of a drop of a colchicine solution on to the shoot tips (Yamaguchi and Kakei 1985) . In some reports, it was observed that amiprophos-methyl (APM) was more efficient for inducing chromosome-doubling and less toxic than colchicine (Sri Ramulu et al. 1991 , Yahata et al. 2004 . However, there have been no reports on the application of APM for artificial chromosome-doubling of ornamental plants including carnation.
In the present study, amphidiploids from a sterile interspecific hybrid between carnation and D. japonicus were successfully induced by the application of colchicine and APM, indicating that it may be possible to utilize fertile amphidiploids in further breeding programs.
Materials and Methods

Plant materials
Both greenhouse and in vitro-grown plants of one hybrid line between carnation and D. japonicus, '47B', which displays a double flower, were used for the artificial chromosome-doubling treatment. One in vitro-grown carnation line, '98sp1651', was also used for the same purpose as a reference. One line of D. japonicus Thunb., 'HAMA 1', grown from seeds collected in a sandy beach in Kyusyu, Japan, and five lines of carnation, '98sp1651', '01sp48H18A', '01sp96N63A', '02spROBA' and '03sp26K43D', were used for crossing with one out of the totally induced 13 amphidiploid hybrids to confirm the fertility.
Artificial chromosome-doubling
For chromosome-doubling of the greenhouse-grown interspecific hybrid '47B', shoot tips of greenhouse-grown as well as in vitro-cultured plants were treated with a solution of colchicine. In the greenhouse-grown plants, a colchicine (Sigma Chemical Co., Missouri, USA) solution at three concentrations (500, 1,000 and 2,000 mg⋅l -1 ) with a surfactant, Tween20 (Katayama Chemical Co., Osaka, Japan), was applied for 1 or 5 days as drops onto shoot tips. For the dropping treatment, plant materials were planted in a box in a greenhouse and pinched two months after planting. After two more months, immature non-expanded leaves were removed from the shoot tips in the morning and drops of a colchicine solution were immediately applied onto naked shoot apices. The additional application of colchicine was conducted in the evening. Consequently, the treatment was repeated twice a day on plants grown in the greenhouse.
In the in vitro treatment, cultured plants of the interspecific hybrid '47B' and control carnation '98sp1651', both with a stem bearing about 10 nodes, were cut at each internode to obtaine nodal segments. The nodal segments were then incubated in 1/2MS (Murashige and Skoog 1962) liquid medium containing colchicine concentrations (500 and 1,000 mg⋅l -1 ) or amiprophos-methyl (APM) (Bayer Crop Science Japan, Tokyo, Japan) at three concentrations (5, 10 and 20 mg⋅l -1 ) for 24 hrs on a reciprocal shaker at 50 rpm. After the treatment, the stem segments were washed three times with distilled water, and planted on 1/2MS solid medium by inserting the basal part of the stem segment into the medium to induce the formation of axillary shoots.
Morphological characters of the amphidiploid and backcrosses with carnation and D. japonicus An amphidiploid plant produced by the colchicine dropping treatment was propagated by cuttings and planted in a box in mid-May 2004 after rooting. The plants were grown in a greenhouse until flowering in a temperature range with a minimum of 15°C and under 16 h day-length conditions using supplementary artificial illumination with fluorescent lamps. Several characters such as flowering time, flower diameter and flower color of this amphidiploid were compared with those of the original diploid hybrid and its mixoploid and octoploid. Five plants each for the amphidiploid, original diploid and mixoploid were grown and measured, respectively, at the flowering time.
Backcrosses were carried out in six combinations of the amphidiploid (♀) with D. japonicus or with five lines of carnation (♂) during the period of November-December 2004. The flowers of the maternal parents were emasculated at 2-3 days before anthesis. When the stigmas were unfolded, flowers were pollinated with pollen grains. Seeds were collected at six weeks after pollination and sown immediately in a cell-tray in late January 2005. Seedlings thus obtained were planted in a greenhouse at 2.5 months after sowing. The hybridity of the seedlings was tested by flow cytometry.
Determination of nuclear DNA content using flow cytometry
The nuclear DNA content of the diploid hybrid and its parental plants, the plants derived from the artificial chromosome-doubling treatment of the diploid hybrid, and progeny plants of the amphidiploid hybrid, was determined by flow cytometry (Model PA Ploidy Analyzer; Partec Co., Münster, Germany). Young leaf tissues (approx. 20 mg f.w.) were chopped-up with a razor blade in 200 µl of solution A (High Resolution DNA-staining kit type P; Partec Co., Münster, Germany) and 1 ml of a DAPI-staining solution [10 mM Tris-HCl, pH 7.5, containing 50 mM sodium citrate, 2 mM MgCl 2 , 1% (w/v) Polyvinylpyrrolidone (PVP) K-30 (Wako Chemicals, Osaka, Japan), 0.1% (v/v) Triton X-100, 2 mg⋅l -1 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI)] was added. The mixture was filtered through a 40 µm nylon mesh to remove debris and subjected to flow cytometric analysis. Nuclei from the developing young carnation (Dianthus caryophyllus L. cv. '98sp1651') leaves with a 2C DNA content = 1.48 pg (Nimura et al. 2003) were used as an internal standard. Flow cytometric determinations were repeated three times using three different leaves from each examined plant. Since the young leaves of both carnation and the hybrid used in the present study showed a prominent 2C peak with a small 4C peak, the individuals with large apparent 4C peaks or higher C values were considered to display polyploid cells after the chromosome-doubling treatments.
Counting the chromosome number
For counting the chromosome number, actively growing root tips (about 5-10 mm long) of the diploid hybrid '47B', the parental plants of the hybrid and the amphidiploid hybrid induced from '47B' by artificial chromosomedoubling were excised and pre-treated with 2 mM 8-hydroxyquinoline for 4 h at room temperature (20°C), then fixed in ethanol-acetic acid [3 : 1 (v/v)] for 24 h at 5°C. After being washed with distilled water, the fixed root tips were macerated in an enzyme solution consisting of 4.0% (w/v) Cellulase Onozuka RS (Yakult Honsha Co. Ltd., Tokyo, Japan), 1% (w/v) Pectolyase Y-23 (Kyowa Chemical Products Co. Ltd., Osaka, Japan), 1% (w/v) Hemicellulase (Sigma Chemical Co., Missouri, USA) and 1 mM EDTA, adjusted to pH 4.2. The dispersed root-tip cells were stained with a 1% (v/v) Giemsa staining solution (Merck, Darmstadt, Germany) and the chromosome number was counted under a stereo microscope (Model BH2; Olympus, Tokyo, Japan).
Results
Artificial chromosome-doubling and production of amphidiploids Colchicine dropping treatments on to the shoot tips of the interspecific hybrid yielded four amphidiploids at the concentration of 2,000 mg⋅l -1 for 1-5 days, and two amphidiploids at the concentration of 1,000 mg⋅l -1 for 5 days. Moreover, one octoploid hybrid was induced by treatment with 2,000 mg⋅l -1 for 1 day. The survival of the shoot tips after the colchicine treatment ranged from 40 to 70%, depending on the concentration and the duration of the treatment. In general, a higher concentration and longer duration of the treatment reduced the survival of the shoot tips, which resulted in the failure to induce shoot at the node. Besides, a higher concentration and longer duration of the treatment increased the number of mixoploid shoots consisting of diploid ones with tetraploid or hyperploid cells as well as of tetraploid ones with octoploid cells (Table 1) .
In vitro shaking culture of the hybrid led to the production of one tetraploid by the application of colchicine at 500 mg⋅l -1 and one tetraploid by the application of APM at 5-10 mg⋅l -1 . In the carnation line '98sp1651', colchicine treatment at 500 mg⋅l -1 yielded two tetraploids and one at 1,000 mg⋅l -1 , whereas APM at 10 mg⋅l -1 gave three. The survival rates of the hybrid shoots were 100% at 5 and 10 mg⋅l -1 APM, 67% at 500 mg⋅l -1 and 39% at 1,000 mg⋅l -1 of colchicine, and 20% at 20 mg⋅l -1 APM, respectively (Table 2) . Many mixoploids were obtained by in vitro shaking culture compared with the dropping treatment of the intact plants grown in the greenhouse (Table 1 and Table 2) .
Stability of ploidy level after chromosome-doubling treatments
Three months after the chromosome-doubling treatment, the plants obtained from axillary buds were classified into six types according to the ploidy level, as shown in Figure 1 , diploid (A), tetraploid (D), octoploid (F) and mixoploids (B, C, E). Flow cytometric analysis conducted after one more year revealed that all the mixoploids showing the B pattern (73 plants) and C pattern (11 plants) reverted to diploid plants. The plants considered to be tetraploid (9 plants) or mixoploid showing the E type pattern (4 plants), were confirmed to be tetraploid (13 plants), whereas in those considered to be diploid and octoploid in the first year, the ploidy levels did not change (Table 1 and Table 2 ).
Morphological characters of the amphidiploids
Thirteen completely non-chimeric amphidiploid plants were obtained from the interspecific hybrid '47B' one year after the chromosome-doubling treatments, irrespective of the differences in the treatment conditions. The morphological characters of various organs in these amphidiploids were larger, including the diameter of stems, leaves and flowers, while the number of petals per flower was also larger than that of the original diploid hybrids (Fig. 2B-D) . Moreover, the amphidiploid hybrids produced fertile pollen grains (Fig. 2B, E) and their guard cells were larger than those of the diploid hybrids (Fig. 2F) . No significant morphological differences were found among the 13 amphidiploids. However, in the mixoploids (histogram B or C in Fig. 1 ), the size of the leaves and flowers was larger than that of the diploids, but the number of petals per flower was the same as that of the diploids (Fig. 2D) . The size of the guard cells of the mixoploids was almost the same as that of the diploids.
Diploid, tetraploid (amphidiploid) and octoploid hybrids differed in the flowering period when they were planted at the same time in the greenhouse. It was confirmed that both the number of days to flowering and the number of nodes to flowering increased with the increase in the ploidy level, and in the plants with a higher ploidy level, flowering tended to be delayed (Table 3 ). All the polyploid hybrids displayed stronger stems than carnation and a more vigorous growth than carnation in the summer season (data not shown).
Cross compatibility of the amphidiploids
First generation plants were successfully obtained by selfing of the amphidiploid hybrid. When the amphidiploid hybrid was backcrossed with the pollen of carnation and D. japonicus, seeds that could germinate were produced from the former combination but not from the latter (Table 4) . The seedlings obtained from the backcross with carnation grew normally, and it was confirmed that they were triploid based on flow cytometric analysis (data not shown). On the other hand, the tetraploid induced from the carnation line '98sp1651' did not produce pollen grains and its ovary was sterile, although the original diploid was fertile.
Chromosomal analysis
The results of the flow cytometric analysis were also confirmed based on the counting of the chromosome number in the root-tip cells of the hybrid, the parental plants and the presumed amphidiploid. Both the parental species and the hybrid showed the same diploid chromosome number (2n = 30) (Fig. 3A-C) , whereas in the presumed amphidiploid, a tetraploid chromosome number (2n = 60) was obtained, as expected (Fig. 3D) . Moreover, the presumed octoploid plant showed an octoploid chromosome number (2n = 120) (Fig. 3E) .
Discussion
Spontaneous occurrence of polyploids in the wild population of diploid plants is sometimes observed and the frequency of autotetraploids among the polyploids thus produced is known to be relatively high (Nishiyama 1994) . Polyploids are also seldom produced from interspecific hybrids, i.e. allodiploids. Recently, we have obtained fertile amphidiploids from 2 out of 46 sterile interspecific hybrids between D. × isensis × D. japonicus by natural chromosomedoubling as bud sports (Nimura et al. 2006) . However, no amphidiploids were obtained from sterile interspecific hybrids between carnation × D. japonicus by natural chromosome-doubling. Therefore, to restore the fertility of these interspecific hybrids, it was necessary to induce amphidiploids by artificial chromosome-doubling.
In our preliminary experiment, dropping treatment on to shoot tips did not result in chromosome-doubling because the shoot apex was wrapped with immature non-expanded leaves. In the present treatment, therefore, dropping was performed on to naked shoot tips after removal of immature non-expanded leaves. Though the amphidiploids could be induced by this method, it was necessary to treat a large number of plants as target material because of the low efficiency of the production of plants with chromosomedoubling, and to supply a large area for maintaining the treated plants. Furthermore, the propagation of a sufficient number of amphidiploid plants for testing field performance took a long time. Therefore, we also evaluated the in vitro treatment, which requires neither a field for cultivation nor a large number of experimental plant materials, and the amphidiploids could be micropropagated rapidly by continuing in vitro culture.
In carnation, tetraploids had already been produced by artificial chromosome-doubling with in vitro dropping treatment of colchicine on to the shoot tips of excised lateral buds (Yamaguchi and Kakei 1985) . In the present study, therefore, in vitro shaking culture treatment was carried out on carnation as control plant material in addition to the interspecific hybrid. Moreover, the use of colchicine and also of APM, which is recognized both as a more efficient agent and as a lower toxic substance than colchicine (Sri Ramulu et al. 1991) , was evaluated.
Although colchicine and APM are both antimitotic substances (Sri Ramulu et al. 1991) , their toxicity differs. In the in vitro shaking culture treatment, the survival rate of the carnation explants after treatment with colchicine was lower than that of the hybrids. In the APM treatment at 20 mg⋅l -1 , however, the survival rate of the carnation explants was relatively high. It has been reported that colchicine caused sideeffects, such as sterility, abnormal growth and morphology, chromosome losses or rearrangements and gene mutation in many species (Luckett 1989 , Wan et al. 1989 . In contrast, APM seemed to be a more efficient chromosome-doubling agent than colchicine and could be considered to be a suitable alternative to colchicine (Sri Ramulu et al. 1991) . In our present study, the use of APM was found to be effective at low concentrations, 5 or 10 mg⋅l -1 , and resulted in a mortality rate of 0%. The yield of the tetraploids in carnation was higher than that in the interspecific hybrid, and maximum yield of the tetraploids (25%) was obtained by in vitro shaking culture in 1/2MS liquid medium containing APM at 10 mg⋅l -1 . Therefore, it was concluded that 10 mg⋅l -1 was the optimum concentration for inducing chromosome-doubling without causing damage to the explants in the APM treatment. Since no apparent differences in the morphological and physiological characters were observed among all the 13 amphidiploid plants, it can be concluded that no variations were induced by the chromosome-doubling treatments irrespective of the differences in the treatment conditions in the present study.
The correspondence of the flow cytometric values with the chromosome number counted in the root tip cells demonstrated the reliability of flow cytometry as a practical and rapid method of screening the ploidy level of the regenerated plants after the doubling treatments. Nuclear DNA content of a plant can be analyzed soon after the appearance of the first leaf in vitro before acclimatization to greenhouse. In vitro confirmation of the ploidy level could also be beneficial for rapid micropropagation of induced polyploids and facilitate the utilization of a sufficient number of plants in further breeding programs.
Since the amphidiploids obtained in the present study displayed some desirable characters such as vigorous growth in summer time, upright robust stem and broad leaves of D. japonicus, they are expected to be used for the breeding of carnation. Actually, when these amphidiploids were crossed with the pollen of carnation, progeny plants were readily obtained. Although the interspecific hybrid line '47B', used in the present chromosome duplication experiment exhibited anthers lacking fertile pollen, we had also obtained antherless hybrid strains. Therefore, we are currently attempting to produce tetraploids by in vitro AMP treatment of the antherless hybrid lines, since it might be interesting to determine whether they could recover the anther structure with restored pollen fertility in the amphidiploid state.
For further utilization of the tetraploid hybrids, backcrossing with carnation will be required to remove undesirable traits of the hybrids, such as reddish purple flower color, small flower size and small number of flowers. For this purpose, tetraploid carnations should be used for repeating the backcrossing. However, all the tetraploid plants of carnation '98sp1651' obtained in the present study lacking anther and the female organ was also sterile, despite the fertility in the original diploid plant. Such phenomenon has been known to occur sometimes in tetraploid plants with one genome (Nishiyama 1994) . It is suggested that the recessive sterile gene(s) occurring in the heterozygous form in diploid plants may become duplicated and then, that the gene(s) could express sterility in the tetraploid plants. Production of fertile tetraploid carnations is currently in progress by using other carnation lines and cultivars. 
